Abstract. The high frequencies of both ␣+ thalassemia and the sickle cell trait (hemoglobin AS [HbAS]) found in many tropical populations are thought to reflect selection pressure from Plasmodium falciparum malaria. For HbAS, but not for ␣+ thalassemia, protection appears to be mediated by the enhanced phagocytic clearance of ring-infected erythrocytes. We have investigated the genotype-specific distributions of peripheral blood leukocyte populations in two groups of children living on the coast of Kenya: a group of healthy P. falciparum parasite-negative children sampled at cross-sectional survey during a period of low malaria transmission, and a group of children attending the hospital with acute malaria. We report distinctive distributions of peripheral blood myeloid dendritic cells and monocytes in children with ␣+ thalassemia and HbAS during healthy periods and disease, and suggest ways in which these might relate to the mechanisms of protection afforded by these conditions.
INTRODUCTION
Dendritic cells (DCs) are important in both the initiation of immune responses, and in the maintenance of peripheral tolerance. At steady state, DCs screen their environment, take up protein and cellular debris, and a proportion migrate into secondary lymphoid tissues. When DCs become activated by pathogens they migrate into draining lymph nodes or the spleen and mature to become powerful antigen-presenting cells that are capable of activating naive T cells. 1 Two major DC subsets can be detected in the peripheral blood that have distinct but overlapping functions. Myeloid DCs (mDCs) express HLA DR, CD11c, and CD1c and are the main producers of interleukin-12 (IL-12), while plasmacytoid DCs (pDCs) express HLA DR, CD123, and blood dendritic cell antigen 2 (BDCA2), and are the main producers of interferon-␣ (IFN-␣).
2 Studies on rodent malaria suggest that during the early stages of infection, mDCs become activated and migrate into the T cell areas of the spleen to induce IFN-␥-producing T cells. [3] [4] [5] There is now some evidence that malaria products such as glycosylphosphatidyl inositol and hemozoin may induce DC activation via engagement of toll-like receptor 2 (TLR2), TLR4, and TLR 9, respectively. 6, 7 In contrast, in vitro adhesion of Plasmodium falciparum-infected human erythrocytes to mDCs via CD36 can modulate mDC maturation and function whereby they fail to produce IL-12 and activate T cells but produce large amounts of IL-10 instead. 8 We have recently found that there is no change in mDC or pDC frequencies during acute episodes of P. falciparum malaria, but that monocyte frequencies are increased (Urban BC and others, unpublished data). However, expression of HLA DR on mDCs and monocytes, but not on pDCs, was reduced, implying that myeloid cells may be functionally impaired during acute disease. 9 In a recent study, Pichyangkul and others reported that peripheral blood pDC frequencies were reduced in Thai adults with acute malaria. 6 Together, these results suggest that, consistent with differential expression of TLRs and other surface molecules, acute blood stage infection has different effects on pDC and mDC function. In the course of immunologic studies in naturally exposed children living on the coast of Kenya, we were interested in investigating whether there were differences in peripheral blood DCs and monocyte populations during acute P. falciparum malaria in children with different hemoglobin (Hb) genotypes. Both sickle cell trait and ␣+ thalassemia are common on the coast of Kenya, where the allele frequencies for HbS and the common African 3.7-kb ␣ gene deletion are 0.07 and 0.43 respectively. 10 In vitro studies suggest that in HbAS, but not in ␣+ thalassemia, protection may be mediated by effects on red blood cell (RBC) parasite invasion and intracellular growth, 11, 12 and by the enhanced phagocytic clearance of P. falciparum ring-infected erythrocytes. 13 Studies have shown that although children with HbAS are protected from both mild and severe malaria, 14, 15 protection by ␣+ thalassemia is largely limited to severe disease. [16] [17] [18] [19] In vivo, HbAS is associated with reduced parasite densities during intercurrent P. falciparum infections 15, 20 and enhanced acquired immunity, [20] [21] [22] [23] which suggests that HbAS probably protects against malaria infection per se due to increased parasite clearance and induction of antibodies. In contrast, the effect of ␣+ thalassemia appears to be largely restricted to the pathologic consequences of malaria, 17 but the underlying mechanisms are less well understood. Although several studies showed increased binding of immunoglobulin to infected ␣-thalassemic erythrocytes, 24, 25 this phenomenon does not seem to reduce parasite density in children with heterozygote or homozygote ␣+ thalassemia. Interestingly, co-inheritance of ␣+ thalassemia and HbAS reverses the protective effect of HbAS, suggesting that these two mechanisms are not compatible. 26 The hemoglobinopathies provide an opportunity to dissect the physiologic and immunologic mechanisms conferring protection against mild or severe malaria. In the course of immunologic studies in naturally exposed children living on the coast of Kenya, we were interested to investigate whether there are differences in the frequency of antigen presenting cells such as peripheral blood DCs and monocyte during acute P. falciparum malaria in children with different Hb genotypes. We show that in healthy Kenyan children both homozygous and heterozygous for ␣+ thalassemia are associated with reduced frequencies of mDCs and that monocyte frequencies are reduced in children with HbAS. These differences were also observed in children with ␣+ thalassemia who were recovering from an acute malaria episode, but not during the acute episode.
MATERIALS AND METHODS
Study population. Blood samples were collected from children living in the Ngerenya area of Kilifi District, Kenya who were under active surveillance for malaria as described in detail previously. 10 We studied 148 and 164 children during cross-sectional surveys conducted during periods of low transmission in October 2003 and October 2004, respectively. Participants were selected on the basis of their Hb genotype. At the time of each survey, all children were examined clinically, and venous blood samples were collected for whole blood counts and to determine the presence of malaria parasites. Only those children who were negative for P. falciparum blood stage parasites by microscopy were considered. In August 2004, blood samples were collected from children attending the outpatient clinic at Kilifi District Hospital with mild, uncomplicated malaria (fever > 37.5°C, associated with a blood film positive for P. falciparum parasites and with no alternative explanation on careful clinical examination), and from children admitted to the wards with severe malaria, defined as deep acidotic breathing, coma (inability to respond to pain) or prostration (inability to breast feed or to sit unsupported) or severe anemia (Hb < 5 mg/dL). All participants of this study were invited to donate a convalescence blood sample 14 days after discharge from hospital. We analyzed data from all children who were typed for ␣+ thalassemia and who returned to the clinic for a follow-up visit (n ‫ס‬ 27). We did not type children with acute malaria for the presence of HbS because in this group admission to hospital with acute malaria is extremely rare. 15 The study was reviewed and approved by the Kenya Medical Research Institute/National Ethical Review Committee and the Oxford Tropical Research Ethical Committee. Written informed consent was obtained from all participants or their parents.
Reagents. The following antibodies were used in flow cytometry: phycoerythrin-Texas Red-x (ECD)-conjugated anti-CD3, anti-CD14, and anti-CD19, phycoerythrin-cyanin 5.1 (PC5)-conjugated anti-HLA DR, fluorescein isothiocyanate (FITC)-conjugated anti-human IgG1, phycoerythrin (PE)-conjugated anti-human IgG1 (all from Beckman Coulter Ltd., High Wycombe Buckinghamshire, United Kingdom), FITCconjugated anti-CD11c (Serotec, Kidlington, Oxford, United Kingdom), FITC-conjugated anti-BDCA2, PE-conjugated anti-CD123 (Becton Dickinson, Oxford, Oxfordshire, United Kingdom), PE-conjugated anti-BDCA3, and PE-conjugated anti-CD1c (Miltenyi Biotec, Bergisch Gladbach, Germany). Optilyse C solution (Beckman Coulter Ltd.) was used according to the manufacturer's instructions.
Flow cytometry. Venous blood samples (500 L) were drawn into blood tubes containing EDTA (TekLab, Durham, United Kingdom). Aliquots of 50 L were incubated for 30 minutes at 4°C with a cocktail containing the lineage markers anti-CD3 (T cells), anti-CD14 (monocytes), and anti-CD19 (B cells) antibodies to exclude T cells, monocytes, and B cells, as well as anti-HLA DR antibody to identify DCs as lineage marker negative cells that express HLA DR. Within the lineage-marker negative, HLA DR-positive cell population, DC subsets were identified as mDC using anti-CD11c and antiCD1c antibodies, or as pDC using anti-BDCA2 and anti-CD123 antibodies. 27 After lysis of erythrocytes, white blood cells (WBCs) were washed in phosphate-buffered saline and analyzed by flow cytometry (Epics II; Beckman Coulter Ltd.). For each sample, we acquired at least 1,000 lineage markernegative, HLA DR-positive events. Flow cytometry data were analyzed blind to Hb genotype using FlowJo™ software (Tri Star Inc., San Carlos, CA). Lineage marker-negative cells were gated within the peripheral blood mononuclear cell (PBMC) gate, and HLA DR+ CD11c+ CD1c+ or HLA DR+ CD123+ BDCA2+ were counted as mDCs or pDCs, respectively (Figure 1 ). Monocytes were identified within the PBMC gate as CD14+ HLA DR+ cells. Absolute numbers of mDC, pDC, and CD14+ monocytes were calculated using whole blood counts.
Statistical analysis. We compared continuous data using the Spearman correlation, the Mann-Whitney U test, or the Kruskal-Wallis H test for trend. All data were analyzed with SPSS software (SPSS Inc., Chicago, IL). Weight-for-age and FIGURE 1. Frequencies of dendritic cell subsets in whole blood. Peripheral blood mononuclear cells (PBMCs) were gated in R1 to exclude granulocytes. Dendritic cell (DC) markers such as CD1c and CD11c defining myeloid DCs (mDCs) and CD123 and BDCA2 defining plasmacytoid DCs (pDCs) can be expressed on subsets of T cells, monocytes, and B cells. It is therefore necessary to exclude these cell populations from analysis using a cocktail of antibodies against lineage markers for these subsets (CD3 for T cells, CD14 for monocytes, and CD19 for B cells). Within the R1 gate (gates are indicated by the rectangle and ovals), DCs are then defined as lineage marker negative, HLA DR-positive cells (R2). Within the R2 gate, the different DC subsets are defined as CD11c-and CD1c-positive mDC or CD123-and blood dendritic cell antigen 2 (BDCA2)-positive pDC. The absolute number of mDCs or pDCs is then calculated from their percentage in PBMCs using white blood cell counts. SSC ‫ס‬ side scatter; FSC ‫ס‬ forward scatter.
height-for-age z-scores were calculated using Epi-Info software (Centers for Disease Control and Prevention, Atlanta, GA).
RESULTS
Steady-state dendritic cell frequencies. We found no significant between-genotype differences in age or total WBC counts among healthy Kenyan children involved in the crosssectional survey ( Table 1) . As expected, RBC counts were significantly higher and hemoglobin concentrations were significantly lower in both heterozygotes and homozygotes for ␣+ thalassemia, reflecting the reduced volume and increased turnover of RBCs in such children. 28 When we determined the frequency of DC subsets in the peripheral circulation (Figure 1 ), we found no correlation between the absolute number of peripheral blood mDCs, pDCs, or monocytes with age, WBC counts, or nutritional status (defined as weight-forage and height-for-age z-scores) in our study population (Table 1) , consistent with previous studies on total peripheral blood DC frequencies conducted both in Kilifi and in Caucasian children. 9, 29, 30 However, the frequency of mDCs was reduced in ␣+ thalassemic children. The differences in mDC counts were greatest between children with normal hemoglobin and children homozygous for ␣+ thalassemia whether or not if they were also carriers for HbS (Figure 2) . We observed no differences in the frequency of pDCs in either group. In contrast, the absolute number of monocytes was reduced in children with the HbAS genotype, although this effect was abrogated when co-inherited with ␣+ thalassemia (Table 1) . These trends were confirmed in samples collected during the second cross-sectional survey, conducted in October 2004 ( Table 2 ), indicating that the data reflect true differences in the steady-state frequency of myeloid cells in children with these two hemoglobinopathies. The pDC counts were increased in children with the HbAS genotype although this reached significance only in the second cross-sectional survey.
Dendritic cell frequencies and acute malaria. Because of the unexpected differences in mDC frequencies that we observed in healthy Kenyan children with ␣+ thalassemia, we next analyzed data from children with acute malaria and during convalescence who had been genotyped for ␣+ thalassemia. Of these, 27 children had severe malaria whereas 12 children had with mild malaria. Although mDC counts increased in children with mild malaria compared with healthy controls or children with severe malaria (Urban BC and others, unpublished data), we did not distinguish between disease severity because of the relative small number of children homozygous for ␣+ thalassemia. However, children with severe disease show the same trend as the overall group of children ( Table 3) . As expected, all children had increased WBC counts and decreased RBC counts and hemoglobin levels during acute malaria. During convalescence, the WBC count in children homozygous for ␣+ thalassemia was near normal, whereas the WBC count in children with normal hemoglobin or heterozygous for ␣+ thalassemia remained increased. As we observed previously, monocyte frequencies were significantly increased during acute P. falciparum malaria, whereas the frequencies of mDCs and pDCs remained relatively constant, irrespective of hemoglobin genotype. Thus, we found no significant differences in DC and monocyte frequencies between wild-type or ␣+ thalassemic children during acute episodes of P. falciparum malaria (Table 4 ). In contrast, during convalescence the frequency of mDCs and pDCs was lower in children with ␣+ thalassemia, with the greatest differences between children with normal hemoglobin and homozygous for ␣+ thalassemia (␣␣/␣␣ versus −␣/−␣; P ‫ס‬ 0.014 for mDC and P ‫ס‬ 0.004 for pDC, by Mann-Whitney U test). The frequency of monocytes remained elevated during convalescence from an acute malaria episode compared with the frequency in healthy children with the same hemoglobin genotype, but tended to be lower in children homozygous for ␣ thalassemia (Table 4) .
DISCUSSION
We have shown that the frequency of peripheral blood mDCs was reduced in a group of healthy children with ␣+ thalassemia who live in a malaria-endemic area on the coast of Kenya. Although this observation remains unexplained, the most likely possibilities are reduced mDC production in the bone marrow or chronic activation and enhanced retention of mDCs in the spleen. The first explanation seems unlikely because the effect we describe here was specific to myeloid cells. Although we observed a trend towards reduced frequencies in monocytes, this was not significant, possibly due to an overall greater variability of monocyte counts. However, RBCs are part of the physiologic microenvironment of both mDCs and monocytes, and it is possible that their homeostasis may be affected by the membrane changes that typically occur in mutant RBCs. The half life of RBCs from subjects with ␣+ thalassemia is reduced through oxidative membrane damage and loss of CD35. 28, 31, 32 It seems feasible, therefore, that the enhanced removal of damaged RBCs in the spleen induces recruitment of peripheral blood mDCs and monocytes, either directly or indirectly through cytokine and/or chemokine gradients. This hypothesis is supported by the observation that children with ␣+ thalassemia have reduced numbers of both mDCs and pDC when convalescing from a malaria episode compared with children with normal FIGURE 2. Boxplots of the absolute number of myeloid dendritic cells (mDCs) and plasmocytoid DCs (pDCs) in the peripheral circulation of healthy Kenyan children with different hemoglobin genotypes. The absolute number of mDCs was reduced in children with ␣+ thalassesmia independent of whether the children were carriers of hemoglobin S. Medians are indicated by the solid black lines within the boxes, which represent the 25th and 75th percentiles. Errors bars indicate the 5th and 95th percentiles. The P values (numbers above and below the brackets) were obtained by pairwise comparisons of DC numbers using the Mann-Whitney U test.
hemoglobin, but have normal numbers during an acute attack. In other infectious diseases, the number of mDC and pDC is reduced during the acute attack, [33] [34] [35] whereas in acute malaria DC subsets remain constant or are increased 9 (Urban BC and others, unpublished data). Furthermore, activated lymphocytes leave the peripheral circulation and migrate into lymph nodes and spleen during acute malaria. 36 Our observation indicates that activation of mDCs and pDCs during acute malaria may be faster or more profound in children with ␣+ thalassemia than in children with normal hemoglobin. Subsequent prolonged activation and migration into the spleen during convalescence from acute malaria may subsequently enhance acquired immune responses to infected RBC antigens including the induction of antibodies against variant surface antigens. 24, 25 The acquired reduction of CD35 on the surface of thalassemic RBCs may provide a further explanation for our observation. 31 CD35 expressed on RBCs binds immune complexes that are then removed from CD35 by macrophages in the liver and spleen without destruction of RBCs. 37 Due to the reduced levels of CD35 on RBCs in children with ␣+ thalassemia, circulating immune complexes could be increased for a prolonged period of time after acute malaria. Recent studies have shown that P. falciparum glycosylphos- 40 resulting in prolonged activation and migration of mDCs and pDCs into the spleen and lymph nodes, a hypothesis that could be tested by monitoring the concentration of immune complexes in parallel with peripheral blood DC counts in children with ␣+ thalassemia in longitudinal studies.
In contrast, children with the HbAS genotype had significantly reduced numbers of monocytes, but this effect was reversed when children were also carriers of ␣+ thalassemia. In addition, reduced mDC frequencies and increased pDC frequencies were seen in HbAS children in one crosssectional survey; however, these observations were not reproduced in the other cross-sectional survey. Although enhanced removal of RBCs with HbAS may lead to increased recruitment of monocytes into the spleen, we have to assume that membrane changes of RBCs and the accompanying effect on myeloid cells differ for different hemoglobinopathies. In this context, it is interesting that co-inheritance of ␣+ thalassemia and HbS has a negative epistatic effect on the protection against malarial disease mediated by either variant alone. 26 The concentration of the mutant ␤ S chain in RBCs with HbAS is reduced when co-inherited with ␣+ thalassemia. This may be due to a higher affinity of the ␣-globin chain for the normal ␤ chain, which could result in less pronounced changes of RBC morphology. 41 In any case, in vitro studies of monocyte and mDC function after exposure to RBCs of different hemoglobin genotypes may help to elucidate the underlying mechanism(s).
Could enhanced turnover or recruitment of myeloid cells into the spleen in children with hemoglobinopathies at steady state contribute to protection against malaria? Infection with P. falciparum would occur on the background of enhanced splenic reactivity with respect to antigen presentation and T cell activation, which could explain the results of previous studies that have identified increased cellular and humoral immune responses during episodes of acute malaria in children with HbAS compared with children with HbAA. 23, [42] [43] [44] Larger longitudinal studies will be required to elucidate the relationships between the hemoglobinopathies, immunologic processes, and the severity in P. falciparum malaria.
